Abstract The effects of noradrenaline (NA) injection (40µg/100g, i.p.) on plasma glucagon, corticosterone (CS), deoxycorticosterone (DOCS), glucose, and free fatty acids (FFA) were investigated in cold-acclimated rats (CA) and warm controls (WC). The CA were transferred to warm control temperature ca. 18 h prior to NA or saline injection. The animals were decapitated and the trunk blood was collected 0, 10, 20, and 40 min after the injection. Plasma glucagon level increased significantly during the experimental period after NA, while saline did not influence its level. The magnitude of increase as assessed by 95% confidence interval was significantly greater in CA than in WC. Plasma CS and DOCS were significantly increased by saline injection, but NA caused greater elevations of these steroid-hormones. The magnitudes of increases were also greater in CA. In contrast to the hormonal responses, NA-induced increases of plasma glucose and FFA levels were smaller in CA than in WC. These results suggest that glucagon and glucocorticoids are released, at least partly, by NA, and these thermogenic factors act in synergism, enhancing nonshivering thermogenesis through an accelerated utilization of energy substrates such as glucose and FFA.
Metabolic cold acclimation is characterized by an enhanced nonshivering thermogenesis (NST) in cold (JANSKY, 1973) . The major factor regulating NST is sympathetic noradrenaline (NA) and it has been evidenced that NA release and thermogenic action of NA is increased in cold-acclimated animals, including men (IToH et al., 1970) . Maximal NST capacity is well estimated by the extent of heat production evoked by NA injection (JANSKY, 1973) .
It has been suggested that some hormonal factors such as pancreatic hormones and glucocorticoids are also associated with the development and maintenance of NST during cold exposure YAHATA et al., 1987) . In this context it is interesting to notice that peripheral catecholamines would regulate the secretions of glucagen (MILLER, 1981) and corticotropin-glucocorticoids (BERKENBOSCH et al., 1981) . Therefore, it is possible that an enhanced thermogenic action of NA in cold-acclimated animals is, at least in part, effected in concert with glucagon and glucocorticoids released by NA. It has been shown that NA (DEPOCAS and BEHRENS,1978) and glucagon are secreted less in coldacclimated rats than in warm controls during acute cold exposure. These findings may be conjectured to reflect a potentiated responsiveness in thermogenic action of NA and glucagon induced by cold acclimation (Doi and KUROSHIMA, 1984) . The present study was undertaken to evaluate the significance of glucagon and glucocorticoids in NST by observing the changes in plasma levels of these hormonal factors when NST was stimulated maximally with NA.
MATERIALS AND METHODS
Male Wistar rats, aged 7 weeks and weighing about 190 g, were obtained from Shizuoka Laboratory Animal Center, Hamamatsu. They were divided into two groups: warm controls kept at 25°C and 5O° relative humidity (WC) and coldacclimated rats kept at 5 + 1 °C for 4 weeks (CA). All the animals were given standard laboratory chow (Oriental MF, Oriental Yeast Co., Ltd., Tokyo) and tap water ad libitum, and placed under artificial lighting from 7:00 to 19:00. The CA were transferred to the control temperature of 25°C 18 to 20 h before NA injection.
L-NA hydrochloride (Hoechst) was injected ip in a dose of 40 µg/(0.1 ml 100 g) as NA. This dose was shown to give the maximal thermogenesis in the rats (JANSKY, 1973) . Saline was injected as control. The trunk blood was collected into the heparinized beaker by decapitation at designated times after NA injection. One ml of blood was centrifuged with 0.1 ml (1,000 unit) of trypsin inhibitor aprotinin and EDTA-Na2, and plasma was kept at -30 °C for glucagon assay . Glucagon was determined by RIA kit (Daiichi Isotope Lab., Kyoto). The remaining blood was centrifuged and plasma was stored at -30°C for the measurements of glucocorticoids, free fatty acids (FFA), and glucose. Plasma glucocorticoids were determined with HPLC using the modified method (YAHATA et al., 1987 ) of BELLIVEAU et al. (1982 . Plasma FFA and glucose were measured with NEFA C-Test and GlucoseTest (Wako Pure Chemical Industries, Ltd., Osaka), respectively.
The significance of the difference was tested by Student's t-test. The magnitude of increases in plasma hormones and metabolites were assessed by calculation of 95% confidence interval of the increase. 
RESULTS
Plasma glucagon level Plasma glucagon levels increased significantly during 10 to 40 min after NA injection in both WC and CA, while saline injection did not influence plasma glucagon during the experimental period (Table 1 ). The initial level was significantly lower in CA. The magnitude of increase was significantly greater in CA as compared with that in WC at 10 to 40 min after NA injection as assessed by 95 confidence interval (Fig. IA) .
Plasma glucocorticoid levels
The initial plasma corticosterone (CS) level was significantly lower in CA, while its immediate precursor, deoxycorticosterone (DOCS), did not differ between CA and WC. Saline injection resulted in significant elevations of plasma CS in both CA and WC, and plasma DOCS in CA. These saline-induced elevations were significantly greater in CA (Table 1) . However, as shown in Fig. 1 B, NA injection caused more significant elevations of CS as well as DOCS in both CA and WC. The magnitude of elevation for CS was greater at 20 and 40 min after NA injection, and that for DOCS at 40 min after NA injection in CA as assessed by 95% confidence interval.
Plasma metabolite levels
Initial level of plasma glucose did not differ between WC and CA. Saline injection caused no changes in plasma glucose levels in both WC and CA (Table 1) . As shown in Fig. 2A , NA significantly increased plasma glucose level in both WC and CA and the magnitude of increase was less in CA at 20 to 40 min after NA injection.
Initial level of FFA was significantly lower in CA. In the saline-injected groups, slight but significant increases were observed (Table 1) . However, NA induced further increases and the magnitude of increase was less at 20 min after NA injection in CA (Fig. 2B) .
DISCUSSION
The present result clearly indicated that cold acclimation causes a potentiation in glucagon-secreting action of noradrenaline, confirming the previous study that NA infusion elevated plasma glucagon in portal vein and abdominal aorta of coldacclimated rats under anesthesia (KUROSHIMA et al., 1983) . In the latter experiment, however, NA infusion did not affect the glucagon levels in WC in contrast to the significant increases in the present result. The discrepancy between the latter and the present results in the responses to NA in WC might be attributed to the difference in the experimental design. The present experiments were done on the conscious rats with one shot of NA injection, while in the latter one the animals were anesthetized with hexobarbital and infused with NA. The characteristic feature of cold acclimation is the potentiated responsiveness in the thermogenic action of sympathetic noradrenaline (JANSKY, 1973) . The previous study also showed that a thermogenic action of glucagon is enhanced in the cold-acclimated animals (Doi and KUROSHIMA, 1982a, b) . These results, therefore, imply that glucagon, at least partly released by NA, is responsible for an increased NST in cooperation with NA during cold acclimation. Recent reports from other laboratories are also consistent with our claim for glucagon as a factor in regulating NST. Howland and coworkers (EDWARDS and HOWLAND, 1986; HOWLAND and BENNING, 1986) found that arginine-stimulated changes in glucagon/insulin molar ratio was reduced in favor of catabolic metabolism and glucagon promoted FFA utilization subsequent to NAand glucagon-induced lipolysis in BAT. BILLINGTON et al. (1987) have shown that glucagon treatment resulted in BAT stimulation as manifested in increased growth, enzyme activities such as cytochrome oxidase and lipoprotein lipase, and thermogenic activity as assessed by GDP binding to mitochondria. This study confirmed our previous study that glucagon treatment could stimulate cold acclimation as indicated by improved cold telerance, enhanced NST, and developed mitochondrial cristae .
In the cold-acclimated rats plasma glucocorticoids, corticosterone and deoxycorticosterone, have been shown to be elevated (YAHATA et a!., 1987) , suggesting an involvement of glucocorticoids in cold acclimation through the direct and/or permissive action on thermogenesis (OHNO and KUROSHIMA,1986) . Although salinee injection seemed to be a stressful stimulus, resulting in significant elevations of glucocorticoids in the present experiment, NA injection brought about more significant increases in both WC and CA, possibly through the stimulation of ACTH secretion by catecholamines (SZAFARCZYK et al., 1987) . Since the glucocorticoids-secreting action of NA was also potentiated in CA, the result supports a contention that glucocorticoids play a role in an enhancement of NAmediated NST.
In contrast to the hormonal changes, the increases of blood metabolites induced by NA were significantly less in CA. It has been well established that FFA serves as a major substrate for NST (LAFRANCE et al., 1980) and glucose, together with FFA, is also an important fuel for thermogenic tissue, BAT, as a source for fatty acid synthesis or as a direct source of energy (FERRE et a!., 1986) . It is therefore conjectured that smaller NA-induced increases in plasma FFA as well as glucose in CA reflect an increased utilization of these metabolites for thermogenesis.
In conclusion, it may be proposed that glucagon and glucocorticoids are released by noradrenaline, and these thermogenic factors act in synergism on enhancing NST. However, it cannot be excluded that glucagon and glucocorticoid 
